tive function in wood. On the other hand, late-wood tracheids formed by cambium at the end of the growing season have thick cell walls and small lumen. Late-wood tracheids have a mechanical function in wood (WAGENFÜHR 1989 (WAGENFÜHR , 1999 . The length of tracheids in wood is considerably variable changing both within particular annual rings and along the stem radius and height. Within an annual ring, it has been found that late-wood tracheids are longer than early-wood tracheids (WAGENFÜHR 1989; GÖTSCHE, KÜHN 1988; PANSHIN, ZEEUW 1980; SHELBOURNE, RITCHIE 1968; ŠKRIPEŇ, RIASOVÁ 1958; TRENDE-LENBURG 1939) . Along the stem radius, the length of tracheids increases from the stem pith to the stem girth. The main increase in the tracheid length was observed between the pith and the 30 th annual ring of a tree; in the following years tracheids show a small increase or the tracheid length stagnation was found (GRYC, HORÁČEK 2003; SARÉN et. al. 2001; YANG, HAZENBERG 1994; KUČERA, BOSSHARD 1989; SETH, AGRAWAL 1984; KNIGGE, WENZEL 1982) . Shorter dimensions of tracheids in the region of the stem pith are explained by the juvenile structure of wood (juvenile cambium).
The tracheid length along the stem height is not so unambiguous. SANIO (1873) found that the length of tracheids increased from the stem base reaching its maximum and then the tracheid length gradually decreased towards the tree crown. GRYC and HORÁČEK (2003) reported that the tracheid length gradually decreased with the increasing stem height. On the other hand, CHU (1972) found that in longleaf pine (Pinus palustris) the length of tracheids increased from the base to the stem top.
Owing to unfavourable growth factors during the tree growth, reaction wood occurs. Wind, snow load, asymmetrical structure of the tree crown or growth on unstable steep slopes (SCHWEINGRUBER 1993; TIMELL 1986; DOUDA 1948 ) rank among basic impacts contributing to the creation of reaction wood.
In some gymnosperms, reaction wood occurs the wood being called compression wood (TIMELL 1986) . The compression wood is formed on the lower part of bent stems and branches (WAGENFÜHR 1999; TIMELL 1986; KOLMAN 1951; TRENDELENBURG 1939) . The majority of authors defines compression wood as a point which shows dark reddish colour as compared with neighbouring wood and annual rings are substantially wider than in normal wood. Reaction wood is often accompanied by eccentrically situated pith (TRENDELENBURG 1939; KOLLMAN 1951; BUTTERFIELD, MEYLAN 1980; TIMELL 1986; SCHWEINGRUBER 1993; WAGENFÜHR 1999; SEE-LING 1999) .
In the region of the microscopic structure of wood, modification of tracheids occurs in particular whereas parenchymal cells are not changed (TIMELL 1986) . Tracheids of the reaction wood are of orbiculate shape (the origin of intercellular spaces) and have thick cell walls where S 3 layer is missing while S 2 layer shows marked reinforcement and lamella-type structure (TIMELL 1986; CASPERSON 1962; KNIGGE 1958; TRENDELENBURG 1932) . Tracheids of the reaction wood are shorter as compared with tracheids of normal late wood (TIMELL 1986; SETH, JAIN 1977; SHELBOURNE, RITCHIE 1968; ONAKA 1949) .
The paper is focussed on the region of the microscopic structure of wood dealing with the description of the most important anatomical element in softwood, i.e. tracheids in a stem with the occurrence of reaction wood. The objective of the paper was to create models describing variability of the length of early-wood and late-wood tracheids in relation to the position in the tree stem. Another objective was to determine if there was a statistically important difference in the length between early-wood and latewood tracheids or a statistically significant difference in the length between particular zones.
MATERIAL AND METHODS
In the Křtiny Training Forest Enterprise Masaryk Forest, Forest District Habrůvka, one sample spruce Fig. 1 . Position of the selected tree in a stand (selected tree is marked by an arrow) tree (Picea abies) with the supposed occurrence of reaction wood was selected (Fig. 1) . The axis of the tree was diverted from the direction of the Earth gravity. The selected tree was about 110 years old. The total length of the tree was 33 m.
Eight discs 100 mm thick were taken from the tree stem from the base to the tree top at a height of 6, 8, 10, 12, 15, 18, 20 and 22 m. In each of the discs, the direction of measurement was marked, viz. reaction wood zone (X), opposite zone (Y) and two lateral zones (U and V) (Fig. 2) .
To determine variability of the tracheid length in relation to the position in a stem, samples of wood were taken in respective zones (CW, OW, SWL and SWP) rings (counted from cambium) and heights (6, 8, 10, 12, 15, 18, 20 and 22 m) . Dimensions of the wood samples were 15 (height) × 15 (width) × 20 (length) mm (Fig. 2) . To make permanent microscopic preparations it was necessary to put samples into a mixture of water and glycerol and to boil them under a reflux condenser. After softening, samples were fixed in a microtome (Leica SM2000R) and two tangential cuts were done within an annual ring. One tangential cut was from the region of early wood and the second from the region of late wood. Tangential cuts were 18-20 µm thick. The cuts were dyed (safranine), dewatered (alcohol series; WAGENFÜHR 1999) and installed between slide and cover glass by means of Canadian balsam.
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Analysed rings: 5., 15., 30., 45., 60., 75. a 85. After hardening the permanent preparation, tangential cuts were taken by means of a digital camera in the University Biometrical Laboratory. The photographs were evaluated using the Lucia program. In each of the tangential cuts, lengths of 20 earlywood and 20 late-wood tracheids were measured. The values obtained were statistically processed by means of Statistica 6.0 program (descriptive statistics ANOVA) and Table Curve 3D 4.0 (tracheid variability in relation to the position in a stem).
RESULTS
Mean values of the early-wood and late-wood tracheid length for particular zones are given in Table 1 . Lengths of early-wood and late-wood tracheids for particular zones (all data measured in the respective zones were used) are depicted using a box diagram (Fig. 3) . The diagram shows that the length of late-wood tracheids shows a slightly higher mean value than early-wood tracheids. A statistically significant deviation was found only between mean lengths of early-wood and late-wood tracheids in SWP zone.
It was found by means of two-factor ANOVA that there was a statistically significant difference in the mean values of earlywood and late-wood tracheids between particular zones. These significant differences occurred in early-wood tracheids between zones: CW and OW, CW and OW, CW and SWP, CW and SWL and OW and SWP. In the case of late-wood tracheids, differences were found between zones: CW and OW, CW and OW, CW and SWP and CW and SWL (Table 3) . Thus, the compression wood zone shows statistically significant differences in the length of tracheids as compared with other zones. Between other zones, statistically significant differences were not corroborated.
Moreover, it was been found that there was a statistically significant effect of the tree height and position along the stem radius on the length of early-wood and late-wood tracheids. Statistically significant differences in the length of early-wood and late-wood tracheids along the stem height were found at a height of 22 m in relation to other heights, viz. in all zones (CW, OW, SWL and SWP). In early-wood tracheids, there were also statistically significant differences in the length of tracheids in the following sets: CW -8 m, OW -20 m and OW -8 m. In late-wood tracheids, other statistically significant deviations were found in the following sets: CW -8 m and SWL -6 m. Statistically significant differences were not corroborated between other heights in late-wood and early-wood tracheids.
In the case of variability in the length of tracheids along the stem radius, statistically significant effects were observed between particular annual rings in all zones. Statistically significant effects were not proved in late-wood tracheids between annual rings 5 and 15 (for all zones) and in early-wood tracheids between annual rings 15 and 30 (also for all zones).
Based on the data, 3D models were created (for particular zones: CW, OW, SWL and SWP) describing the length of earlywood and late-wood tracheids in relation to the position along the stem radius and height. In all models (Fig. 4) Table 1 to be continued of tracheids was found to increase along the stem radius. This result is fully consistent with results of two-factor ANOVA analysis. The accelerated increment of the length of tracheids in the first thirty years of a tree is typical of all models. In next years, a slow increase in the length of tracheids is shown. Within the last twenty years (a region below cambium), an increment in the length of tracheids is not so marked. This graphical depiction also corresponds to the results of two-factor ANOVA analysis where it was found that between annual rings 5 and 15 or 15 and 30, there were no statistically significant differences and, therefore there are no statistically significant differences in the length between tracheids in these annual rings.
The models also show changes in the length of tracheids in relation to the tree height. The length of tracheids between the 5 th and the 18 th metre is nearly constant. A decrease in the length of tracheids occurs between the 18 th and the 25 th metre. However, here it is also possible to observe the congruence of a model with statistical examinations which have proved that a height of 22 m (both in early-wood and late-wood tracheids) shows statistically different values as compared with other heights.
The models (that are nearly identical) do not indicate any differences between the lengths of earlywood and late-wood tracheids. Differences between particular zones are also minimal (the SWP lateral zone demonstrated the same model as the SWL zone). Functions, equation coefficients and coefficients of determination for particular zones are given in Table 2 . Coefficients of determination of sampling sets range between 0.39 and 0.51, i.e. the length of tracheids shows medium correlation dependence in relation to the position along the stem radius and height.
DISCUSSION
The objective of the paper was to determine variability in the length of a tracheid in relation to its position in the tree stem. Studies in the field of the microscopic structure of wood (tracheid length) were carried out as early as at the end of the 19 th century. The studies have demonstrated that the length of tracheids is considerably variable. The length is affected by the kind of wood, site and climatic conditions, position along the stem radius and height and position in an annual ring (GRYC, HORÁČEK 2003; SARÉN et. al. 2001; SISKO, PFÄFFLI 1995; YANG, HAZENBERG 1994; SETH, AGRAWAL 1984; PANSHIN, ZEEUW 1980; ŠKRIPEŇ, RIASOVÁ 1958; TRENDE-LENBURG 1939) . The mean length of tracheids of the wood of conifers ranges from 2,500 to 5,000 µm (SISKO, PFÄFFLI 1995; WAGENFÜHR 1989; SACHSSE 1982; PANSHIN, ZEEUW 1980) . The results obtained by our team -3,593 µm for an early-wood tracheid and 3,714 µm for a late-wood tracheid (all data from the set of early-wood and late-wood tracheids) are in accordance with literature data. Statistical differences in the length between early-wood and late-wood tracheids were found only in SWP zone. In other zones, statistically significant differences between early-wood and late-wood tracheids were not detected. This result is not however consistent with literature data which indicate that the length of a late-wood tracheid is longer than that of an earlywood tracheid (WAGENFÜHR 1989; GÖTSCHE, KÜHN 1988; PANSHIN, ZEEUW 1980; SHELBOURNE, RIT-CHIE 1968; ŠKRIPEŇ, RIASOVÁ 1958; TRENDELEN-BURG 1939) . The results obtained can be interpreted by the modified structure of wood with the occurrence of reaction wood (compression wood).
When comparing particular zones it is possible to see that the length of tracheids in the compression wood zone (CW) as compared with other zones (OW, SWL and SWP) shows lower values. The result is obviously caused by the modification of late-wood or early-wood tracheids occurring in annual rings where the compression wood is well evident. Another potential factor to explain the result is a fact that the length of tracheids is changed even in zones which do not appear as compression wood (annual rings with slightly developed compression wood, socalled moderate compression wood -TIMELL 1986; SHELBOURNE, RITCHIE 1968) .
Moreover, 3D models were prepared describing variability in the length of tracheids in relation to their position in the tree stem. The models are fully consistent with existing results of many authors presenting their results in the form of 2D diagrams. In studying the effect of the stem radius it is evident that the length of a tracheid in annual rings in the proximity of the stem pith shows an intensive increase in length (SARÉN et al. 2001; YANG, HAZENBERG 1994; SETH, AGRAWAL 1984) . In next years, a gradual increase in the length of tracheids is demonstrated. The trend was found both for early-wood and latewood tracheids. In the case of the effect of height, the models show a decrease in the length of both earlywood and late-wood tracheids in a zone under the tree crown (height 18-25 m). Thus, it is possible to conclude that the trends correspond to conclusions of SANIO (1873) . The length of tracheids in the central part of the stem did not show any marked changes.
